Introduction
Penta coordinated Ferric dithiocarbamates have been the subject of various investigations due to their interesting electronic structures [1 -6] . The iron(III) complexes [Fe(dtc)2X], where dtc = AA'-dialkyl-dithiocarbamate and X = C1, Br, I, NCS, exhibit the rare intermediate 4 A 2 (£ = 3/2) ground state [1] , w 7 hereas the complex with X = NO is in the low spin state 2 Ai (S = 1/2) [6] . One of the ground state properties that has been thoroughly investigated is the electric field gradient (EFG) which may be deduced by measuring the electric quadrupole splitting (AEQ) in a Mössbauer experiment. Though from ligand field theory the quadrupole splitting for the 4 A2 ground state is expected to be zero, the measured values of AEq in [Fe(dtc) 2 X], X = C1, Br. I, NCS, are rather large {AEQ & 2.7 mm/sec) [2] , Controversies exist on the origin of the EFG in these systems. An earlier crystal field calculation has attributed the EFG to large lattice contributions arising from a tetragonal distortion [7] , whereas a molecular orbital calculation, on [Fe(dtc)2Cl] showed that the EFG is primarily caused by covalency effects [8, 9] , To study: a) the effects of the axial ligand on the electronic structure, b) the nature of bonding, c) the origin of the EFG in these systems, self consistent charge extended Hiickel [10] molecular orbital (SCCEHMO) calculations [11, 12] on the series [Fe(dtc) 2 X], X = C1, Br, I, NCS, and NO were carried out. The results of the MO calculations are compared with the results of Mössbauer, magnetic anisotropy and NMR measurements.
Method
The SCCEHMO method has widely been used to investigate the electronic structure of transition metal complexes [8, 9, 13-16. 34] . The diagonal elements of the Hamilton matrix were approximated by [8, 14] :
where cut is the valence orbital ionisation potential (VOIP), ACN.i is the change in a$ by one unit of charge, q A is the charge on the atom to which the orbital i belongs, and k is an empirical parameter O^&r^l. The off-diagonal elements Hy were calculated using the Wolfsberg Helmholtz approximation
where is the overlap integral and for the constant a value of C = 2.5 was chosen, to keep counterintuitive mixing [17] reasonably small.
To compare the results with those of DeVries et al. [8, 9] , their parameters were used; the additional parameters for Br, I, and O were taken from literature [18, 19] and are listed in Table 1. 0340-4811 / 79 / 12(H)-1500 $ 01.00/0. -Please order a reprint rather than making your own copy. The basis set consisted of the ns and np single exponent Slater type atomic orbitals (STOs) of the valenc shells of the ligand atoms, and for iron a 3d double zeta function, the 4s and 4p STOs were taken [20] .
Moleculare Structure
The structure of the compounds determined by single crystal x-ray analysis [21 -25] was used in the SCCEHMO calculations. The general features of the structure and the coordinate system chosen are shown in Figure 1 . In order to keep the number of basis orbitals reasonably small, the alkyl groups R, R' were replaced by hydrogen atoms. This approximation is not too drastic since the electric ® = CI, Br, I, NCS, NO # Y and magnetic properties do not change very much with changes in the alkyl groups in the dithiocarbamate ligand [1, 2, 26] .
Electric Field Gradient
The electric quadrupole splitting AEQ for the 3/2+ 1/2+ nuclear y-transition in 57 Fe is calculated by EQ = UQVZZ \ 1+^/3 (3) where Q = 0.21 b is the nuclear quadrupole moment of the excited state of 57 Fe; V zz is the 2 component of the EFG tensor and r] is the asymmetry param eter.
The tensor operator Fy is just the sum of the one electron operators where
i; j = x, y, z; y< r ) represents the Sternheimer shielding factor and q is the charge at point r.
The expectation value of Fy can be decomposed into contributions originating from the valence shell electrons of the central atom and into contributions from point charges distributed within the molecule. The valence contributions may be calculated using the operator-equivalence [27] [34] , The ligand contribution to the EFG tensor can be calculated using (4) as a point charge approximation with y(r) = y (oo) = -9.1 [28] and q representing the charges on the ligand atoms, which are calculated from the diagonal elements of the first order charge density and bond order matrix.
The overlap charges q AB are obtained from the off-diagonal elements. The EFG-tensor arising from the contributions of the overlap charges is also calculated using (4) CAB was taken to be 1/2 when A and B were ligand atoms and was allowed to vary when A or B was iron. When the distance between the iron atom and a ligand atom is smaller than about 1.5 A, the approximation = y^) is no langer valid [28] as y( T ) varies from 0.32 to -9.1. As the accurate radial dependence of y( r ) for Fe is not known, in the present calculation a value of y (r) = -9.1 was taken. In order to compensate for the possibly too large value of 1 -y(r), and as v^ is proportional to r~3, CAB in (9) is allowed to vary from 0.5 to 1.0, i.e. the overlap charge is located more towards the ligand atoms thereby reducing the overlap contributions to the EFG-tensor.
The lattice contributions to the EFG-tensor were calculated by taking the point charge contributions from about 2000 nearest neighbours into account where the charges on the atoms were taken from the MO calculations using a Mulliken charge distribution.
Results and Discussion
The energy level schemes based on the MO calculations are shown in Figure 2 . The ground state in the case of [Fe(dtc) a X], X = C1, Br, I, NCS is 4A 2 : (x 2 -y 2 ) 2 (xz) 1 (yz) 1 (z 2 ) 1 . In all the cases the relatively high energy of the (xy) molecular orbital is responsible for the spin pairing of the fifth electron of the valence shell resulting in the intermediate 4 A-2 ground state. This energy level scheme is in accordance with those proposed earlier by ligand field calculations [29] . The ordering of the orbital energies in case of [Fe(dtc)2NO] has been subjected to much controversy. Gray, Bernal. and Billig [30] ) molecular orbital which is predominantly iron 3d z i. This has also been suggested from IR [32] , EPR [31] . UV/vis [30] . .
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. ( 2 2 XPS [33] , and kinetic studies on the nitrosyl complex. The (xz, ^NO) and (yz, TI^NO) orbitals are lower in energy than the (xy) orbital due to the strong :?r-back donation of the NO group. From symmetry considerations it is clear that (x 2 -y 2 ) is essentially the nonbonding Fe (3d :r 2_ 2/ 2) orbital (coefficient 0.99); (xz), (yz) are 7i-bonding and (z 2 ) is cr-bonding with respect to the axial ligand; (xy) is cr-bonding concerning the four sulphur atoms of the two dithiocarbamate ligands. As the (xy), (xz), (yz), (x 2 -y 2 ), (z 2 ) molecular orbitals consist mainly of the corresponding iron 3d atomic orbitals (coefficients ~ 0.9), to a first approximation the energy differences with respect to the non bonding (x 2 -y 2 ) orbital, e (z *£ (a . 2 _ 2/ 2) and (s(xz) + £(?/2))/2 -would be a measure of the iron-axial ligand atom X a-and jr-interactions, respectively, as these splittings are expected to increase with increasing interaction. From Fig. 2 it then follows that for Fe-X the o-interaction increases as X is I <Br <C1<NCS<N0 and the yr-interaction decreases as X is NO > I > Br > Cl > NCS. This ordering is also obvious from the coefficients of iron atomic orbitals in the occupied molecular orbitals. The fact that these compounds are highly covalent may be seen from the charges on the atoms listed in Table 2 . All atoms remain . Care has to be taken in considering the iron 4 s and 4p populations which may be unrealistic due to counterintuitive mixing [17] ; but as the constant in (2) is relatively large, this effect is of minor importance. The charges on the ligand X also follow the order expected from their electronegativities, and NCS and NO have a charge distribution according to N 2 Ai ground state) shows that the spin delocalisation from iron to the ligands results mostly from a 7r-delocalisation mechanism which is in excellent agreement with NMR results [2, 5] .
The Isomer Shift
In a Mössbauer experiment the isomer shift d, which is a measure of the electron density at the nucleus, |y;(0)| 2 is given by [34] 
d = Const-(ÖR/R) {| tp{0) | absorber ~ | V>(°) I source}
where | xp(0) |absorber 1S the charge density at the absorbing nucleus, |y(0)|f ource the charge density at the reference source nucleus and dR/R the relative change of the nuclear radius in the excited and the ground state. The nuclear factor öRjR for iron is negative, and therefore a positive isomer shift indicates a decrease of electron density at the absorbing nucleus. The electron densities |y(0)| 2 at the iron nucleus were calculated applying the formalism of Blomquist et al. [35) using the electronic configuration of the iron atom found from the MO calculations. The electron densities listed in Table 2 . are almost constant within the series. The small variations in the calculated electron densities indicate that the isomer shifts should follow the increasing positive order DEL < (>Br < di< <5NCS < <5NO .
The ordering from CI to NCS agrees well with that found from Mössbauer experiments [2J. From the calculated electron densit} 7 , the nitrosyl compound is expected to have the highest positive isomer shift, which is contrary to the experimental observations. The formalism of Blomquist et al. considers only the potential distortion which arises from different electronic configurations but neglects the overlap distortion [34. 35, 36] , which may be explicitly calculated by orthonormalising the inner iron core orbitals to all molecular orbitals. A mere comparison of differences in |y(0)| 2 in a series of complexes would imply the assumption that the overlap distortions and vibrational structures are the same in all cases and therefore may be neglected. The excellent agreement of the calculated ordering of electron densities in the series X = C1. Br, I, NCS with the experimental isomer shifts implies that the overlap distortions and the vibrational structures along the series are similar. In the case of the nitrosyl complex the overlap distortions may play an important role in the calculations of |y(0)| 2 . As the isomer shift contains also contributions from the second order Doppler shift, the poor correlation between (3 and | ^(0) | 2 in the case of the nitrosyl complex may also arise from differences in the vibrational structure in comparison with the other complexes.
Electric Field Gradient a) At the Iron Nucleus
The population of the iron 3d-orbitals agrees well with that expected for a 4 A 2 ground state: (a:2_ y a)2( a . 2 )i( yz )i( z 2 ) i ; e .g. for X = C1: 3d, 2 _^2 = 1.999. 3d«= 1.061, 3D YZ = 1.111, 3d 2 2 = 1.061, and 3d X y = 0.717. Though the (xy) molecular orbital is not occupied in the ground state, the population analysis resulted in all cases in approximately 0.7 electrons in the iron 3d X2/ atomic orbital, which is due to cr-bonding with the sulphur atoms. This population gives rise to a positive EFG and accounts for the large quadrupole splittings as the contributions of the other 3d orbitals nearly cancel each other.
Next the contribution to V zz from the overlap charges is of importance. The overlap charges between ligand atoms are placed on the midpoint of the interconnecting line and the overlap charges between the iron atom and the ligand atom X. which are about 0.5 units of charge for the complexes with X = Cl. Br, I, NCS and approximately 0.9 for X = NO, are also situated at about one half of the iron-ligand bond length (see CpeL in Table 3 ). The calculated value of Vzz is in all cases (except in the NO complex) not very sensitive to the empirical factor (?Fel in (5), which is CpeL^O.5, as the contributions to the EFG tensor from the overlap charges between iron and the four sulphur atoms nearly cancel the contribution from the overlap charge between iron and the axial ligand. In the nitrosyl complex the Fe-NO bond distance is 1.72 A and thus a value of CpeL^O.ö would place the relatively large overlap charge very close to the iron nucleus and then the approximation 7(r) -7(oo) is not valid. To compensate for the too large value of 1-y ir > = 10.1, the overlap charges were placed more towards the ligand atoms L using the larger value of Cp e L = 0.71. Then Vzz is positive and the measured quadrupole splitting can be achieved. If a value of C FeL = 0.5 is assumed, the calculated V zz becomes very large and negative. To confirm the validity of the used approximation (C*FeL = 0.71) Vzz was calculated by numerical integration [10] with an explicit functional form of the Sternheimer shielding factor y( r > in (4). The numerical integration was carried out by considering about 2.5 • 10 5 points of electron density in space, using (4) with a value of y( r > = 0.32 up to 0.7 A and then decreasing it linearly to the final value of -9.1 at r=1.0Ä. The sign of Vzz was found to be positive but the absolute value of the calculated quadrupole splitting was about twice the measured value. This may be due to the simple functional form used for y^r) and to the incorrect radial behaviour of the iron 3d double zeta function near the iron nucleus. However, the positive sign of Vzz calculated by numerical integration justifies the adopted value of C FeL = 0.71 in the nitrosyl complex.
The contribution to Vzz in the NO complex from the iron 3d shells \eQV z2 = 2.48 mm s -1 * is very similar to those found in the other compounds, but the relatively large overlap charge contributes with opposite sign and diminishes V zz . This accounts for the small observ 1 quadrupole splitting of the NO complex. Contrary to an earlier crystal field calculation [7] where the main contribution to the EFG was assumed to arise from the lattice, the present calculation shows that the lattice contributions of the 2000 next nearest neighbours are very small.
The asymmetry parameter rj calculated from the 3d contribution varies from 0.4 to 0.9. The contributions from the 4p electrons, lattice and ligand increase V yy and decrease Vxx, result finally in much smaller values of 0.15 <77 <0.33 which are in reasonably good agreement with the experimental results.
b) At the Iodine Nucleus
Using the MO results, the EFG at the iodine nucleus was calculated using the same formalism as in the case of iron. The main contribution giving rise to a positive Vzz comes from a hole of 0.48883 electrons in the iodine 5p 2 orbital (5p.z= 1.53117). The coupling constant eQVJ z al , using (5) with 7^ = 0.0, <r-3) 5p= 14.87 [37] and Q= -0.55 b [38] , is eQVzz = -30.1407 mm s" 1 . The ligand and lattice contributions calculated using (4) as a point charge approximation taking into account about 2000 nearest neighbours with y(oo) = -13.3 [39] gave e#F 2 z lig + lattice = -0.2198 mm s~i. The overlap charge of g'Fe-i = -0.69657 between iodine and iron is situated more towards the iodine atom, and by using a value of Ci-Fe= -0.336 in (9) and the actual value of the Sternheimer shielding factor for iodine in the overlap region [39] y = -16.1 (r = 0.87 A), the measured quadrupole coupling constant [40] eQV -14.9 mm s -1 is best obtained from all contributions. The overlap charge contribution eQV°zp ThiV was calculated to be 15.48 mm s -1 .
